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Abstract—This paper is focused on the design, optimisation and 
control of a permanent magnet assisted synchronous reluctance 
machine (PMaSynRel) for low cost high efficiency household 
appliances, in particular a motor for washing machine. The design 
and optimisation of the motor aims at maximising the torque 
produced and power factor, while minimise torque oscillations and 
the losses, thus improving the efficiency. A campaign of tests has 
been carried out on the prototype of the optimised machine, 
comparing finite element results and experimental measurements 
as a validation of the proposed design. In addition, torque ripple 
measurements are confirming that the solution proposed is 
meeting the optimisation design targets. The outcomes of this 
project are demonstrating that PMaSynRel drives are a suitable 
candidate for white goods sector, and that the proposed design is 
able to boost the performance and efficiency class with respect to 
the state-of-the-art solutions. 
Index Terms— Permanent Magnet Assisted Synchronous 
Reluctance, Machine Design, Motor Optimization, Efficiency 
Improvement, Washing Machines. 
I. INTRODUCTION 
The continuous increase of electrical energy demand 
compels a significant effort in the direction of reducing 
environment pollution and greenhouse gases [1]. Therefore, the 
efficiency improvement of electric motors and drives, adopted 
in many application fields, is of paramount importance [2]. New 
standards on rotating electrical machines are becoming more 
demanding than in the past, especially in terms of efficiency and 
cost [3]. Premium/IE3 efficiency class motors are now 
mandatory in North America and other countries. Super-
Premium/IE4 and Ultra-premium/IE5 efficiency classes are to 
be defined in the 2nd Edition of the IEC3 60034-30 standard. 
For line-start fixed-speed applications, Super-Premium/IE4-
class line-start permanent magnet (PM) motors and squirrel-
cage induction motors are recent entrances in the industrial 
motor market [1]. For variable-speed applications, IE4-class 
synchronous reluctance motors are also a recent entrance in the 
market. An important measure for wide market acceptance of 
high efficiency motors is the availability of harmonized 
standards, dealing with motor performance testing, efficiency 
classification, and display of ratings [4]. This also applies to 
variable speed drives (VSDs). In the United States, 
Premium/IE3 motors have been mandatory since 2011. In 
China and EU countries, High-Efficiency/IE2 motors have been 
mandatory since 2011, while Premium/IE3 motors since 2015 
[5]. So far, household appliances, such as washing machines, 
dishwashers, dryers and vacuum cleaners, have been mainly 
powered by Universal Motors (UMs) [6], which are still widely 
used covering the 80% of the worldwide market. Although 
during the last ten years, many other types of electric motors 
have been considered as alternatives, UMs are still surviving 
thanks to their advantages such as good power versus size ratio, 
simplicity of control and regulation over a wide speed range, 
including low cost of the simple drive [7]. On the other side, 
they suffer from low efficiency values compared to other kinds 
of motors and from maintenance issues due to the presence of 
commutator and brushes [7], [8]. It is clear that in the next few 
years, also low power household appliances will have to satisfy 
higher efficiency requirements. This will lead to a change in the 
motor topologies applied for washing machines applications as 
well. Squirrel Cage Induction Machines (SCIM) are another 
dominant motor type in the house hold appliances market [9], 
[10]. SCIMs are suitable for a wide speed range of operation 
(15000 – 18000 rpm) and they are considered a rugged motor 
topology and thanks to their refined manufacturability they are 
considered to be a cost-effective solution. However, because of 
the losses excited by the rotor cage and iron laminations, their 
maximum efficiency is ranging from ~52 to 75%, depending on 
the operating condition [9], [11]. As these machines’ frame size 
is relatively small, these efficiency values are considered 
acceptable. Presently, the Synchronous Reluctance (SynRel) 
motors appear to be one of the attractive emerging electrical 
machines. They have been proven suitable for industrial 
applications [12]-[13] and for lightweight vehicles traction 
[14]-[15]. These motors present excellent features such as a 
robust structure and very high-speed capabilities. The absence 
of excitation winding, in the rotor, and low back electro motive 
force lead to a safe behaviour in case of inverter failure and 
higher efficiency [16]. On the contrary, the well-known 
drawbacks of reluctance machines are the poor power factor 
and the non-negligible torque ripple [17]. The optimization of 
the machines’ geometry can mitigate these drawbacks and 
maximize the motor performance. Furthermore, the power 
factor and the machine torque density can be improved with 
addition of small quantities of rare-earth magnets, or lower cost 
ferrite magnets resulting in a Permanent Magnet assisted 
Synchronous Reluctance (PMaSynRel) configuration [18]-
[19]. With respect to induction machines with the same frame 
size, the PMaSynRel machines exhibit a higher torque density 
and efficiency, over a wider operating speed range [4], [5], [18]. 
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Other methods to improve the power factor of SynRel 
machines, without using permanent magnets, have been shown 
in [20], where the feasibility of a ribless solution, embedding 
resin within the rotor structure, has been presented and 
validated. However, that technology still presents some 
limitations in terms of full operating capability, as well as 
retention limitations due to mechanical and thermal challenges. 
SynRel machines with ferrite injection have also been 
presented for washing machine applications in different 
research works [10], [20], highlighting higher efficiency and 
relatively cheap price, with respect to SCIMs. The use of ferrite 
magnets is not significantly affecting the cost of the motor 
because of the low material price, about 3.28 $/kg [1]. 
In [21], the PMaSynRel machine with concentrated winding 
having an unconventional for a house appliances 9slot/8pole 
combination was presented, however the NdFeB rare earth 
magnets were used, hence increasing component price. In [10], 
the performance of the 4-pole SynRel machine with ferrite 
injection for household application was investigated, various 
advantages over conventional SynRel machines were 
highlighted, including a constant power operation capability.  
This paper describes the complete design process for a high 
efficiency PMaSynRel for washing machine applications. The 
first part describes the design and optimisation of a PMaSynRel 
motor, with the aim of improving the torque capability, 
maximise the power factor and smooth the torque oscillations. 
The results of the optimisation are presented, and the most 
suitable machine selected from the feasible solutions along the 
Pareto front. The magnetic model is then used to control the 
machine through the drive, by implementing an MTPA control 
strategy. In the second part, the validation of the optimised 
machine design is assessed by experimental measurement for 
different speeds and operating conditions, showing the 
advantages of the design proposed. 
II.  MOTOR DESIGN AND OPTIMIZATION 
The PMaSynRel machine has been designed with the aim to 
meet the torque and power performance for household 
applications, over a wide speed range of operation, considering 
the specifications reported in Table I. As an improvement of the 
state of the art, the novel design technique of the PMaSynRel 
motor has been used to ensure that the design can satisfy the 
requirements pushing the efficiency per volume to their limits.  
Table I. Design requirements 
Symbol Parameter Quantity 
T Rated Torque >1Nm 
nb Base speed 5200 rpm 
TΔ Torque ripple <15% 
P Rated Power 600W 
Irms Phase Current 3.5A 
Vrms Phase Voltage 120V 
Constant power speed range 5000-16000 rpm 
In Fig. 1 the electro-mechanical characteristic of the machine 
as per requirements is shown. The rated torque is 1Nm at base 
speed of 5200 rpm, which is highlighted as “A”. The designed 
machine should operate over a wide constant power speed 
range, from 5200 rpm to 16000 rpm “B”, to deliver a torque of 
0.4 Nm at the maximum speed. 
A.  Preliminary design assumptions and constraints 
In Fig. 2 a 2D sketch of stator and rotor is presented. The 
design presents a semi closed slotted stator (24-slots), with a 
geometry that is constrained by the same outer and inner stator 
diameter as a commercial reference induction motor, for 
washing machine application, to maintain the same overall 
volume [9], [11]. Because of the high maximum speed and the 
limited switching frequencies of the cost-effective commercial 
drives, usually between 10kHz to 16kHz, a 4-pole rotor is 
chosen to have a compatible fundamental frequency, in this 
case 533.33 Hz. For high speed machines, the centrifugal forces 
acting on the rotor, even if in this case the radius is relatively 
small, can lead to high mechanical stress. A critical speed of 
18000 rpm has been selected to ensure a safety factor over the 
operational speed range. The iron ribs dimensions were 
determined through a mechanical model to obtain a robust rotor 
and preserve the structure to expand under centrifugal forces. 
The mechanical stresses of the final geometry have been 
checked by means of 2D finite element analysis (FEA), 
considering a safety factor of 2, meaning that the maximum 
yield stress on the rotor structure lower than half the material 
limit (400MPa for a silicon steel M470-35A lamination) at any 
 
Fig. 1: Electro-mechanical characteristic: torque and power profile over the 
operating speed range. 
 
Fig. 2: 2D sketch of a ferrite assisted synchronous reluctance machine 
preliminary designed to meet the torque specification (before 
optimisation). 
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point of its structure. This specific material grade has been 
selected to match the one use in induction motors for the same 
application. Other laminations with lower [21] or higher 
specific loss and mechanical characteristic could also be used, 
depending on the target cost. To the purpose of this research 
study, to validate the concept proposed, the M470-35A is used. 
From Fig. 2 it can be noted that the rotor presents three flux 
barriers per pole, with the central parts of the barriers filled with 
ferrite permanent magnet, having the function of assisting the 
saturation of the radial and tangential iron ribs. 
The introduction of permanent magnets in the rotor flux 
barriers, even a small amount, is beneficial for the improvement 
of the power factor as well as for the constant power speed 
range [22], [23]. The material used is a low-grade Ferrite 
(remanence flux density 0.4T @ 20 C̊, knee flux density 0.1T 
@ 20 ̊C, recoil permeability 1.05, density 4800kg/m3).  
The application allows only natural cooling through the 
housing, therefore a limit to the peak current density in the slot 
is set preliminarily to JMAX = 4 Arms/mm2 to allow transient 
overload operations. A standard three-phase winding is 
considered with integral pitch. The slot fill factor is 
conservatively assumed to be kfill = 0.4. 
B. Electrical machine design 
Based on the design constrains and the design requirements 
reported in Table I and II, respectively, the preliminary sizing 
has been carried out using the analytical model presented in 
[24]. This is derived from a well-known d-q frame torque 
equation: 
𝑇 = 1.5𝑝[(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞 + 𝜆𝑝𝑚𝑖𝑑] (1)  
Where p represents the number of pole pairs, Ld and Lq are 
the direct and quadrature inductances, respectively; and id, iq are 
the direct and quadrature currents flowing in the stator 
windings. The main sizing equation for reluctance machines 
can be derived as (2): 
𝐷𝑟𝑜 =
√
𝑇𝑒𝑚  𝛾 𝜇0𝑞 𝐾𝑑𝑚√𝜉 
𝐵1𝑑








Where Dro is the rotor outer diameter, Tem is the required 
electromagnetic torque, q is the number of slots per pole per 
phase, g is the air gap length, µ0 is the relative permeability of 
air, B1d is the fundamental component of d excited axis and ξ is 
the saliency ratio. Kdm is the d-axis magnetizing coefficient, 
which is normally equals to ~0.85 for axially laminated 




 (3)  
Where Lstk is the active stack length. 
As it was discussed in [24] equation (2) accounts only for 
pure reluctance component considering the anisotropy of rotor, 
the excitation component of torque can be determined using the 
PM flux component (1). 
The general equation of PM flux is (4): 
𝜆𝑝𝑚 = 𝐵0𝐿𝜏𝑝 (4)  
Where B1o is the fundamental component of the no-load flux 
density, and τp is the pole pitch. The preliminary sizing method 
adopted is summarised in the workflow shown in Fig. 3. 
The process begins with a set of initial data and assignment of 
the key parameters. The predesign input targets are the desired 
rated output torque, while the predefined data and constraints 
are reported in Table II and Table III. Step 2 includes an initial 
assumption of the saliency, which is usually within a range 3 ≤ 
ξ ≤ 10; using equation (2) the rotor size can be estimated.  
The analytical method includes the air gap function approach 
[25] and saturation coefficients [24] and is used to analyze the 
rotor geometry based on the predefined parameters, which are 
number of barriers k and the magnetic insulation ratio kair equal 
to ~0.36. These are used to accurately estimate the saliency ratio 
ξ as well as Ld and Lq.  
The general torque equation (1) can be used to estimate the 
torque of the initially sized machine geometry. Based on this 
the machine rotor diameter can be refined by adjusting either 
rotor geometrical parameters k, kair or main rotor diameter Dro.  
Regarding the definition of the airgap, one could highlight 
how such a small airgap can be achieved when considering an 
Table II. Design parameters 
Symbol Parameter Quantity 
Jmax Peak current density 4 Arms/mm
2 
kfill Slot fill factor 0.4 
Qs Number of slots 24 
2p Pole numbers 4 
m Number phases 3 
g Air gap 0.35 mm 
k Number of barriers 3 
Table III. Main machine geometrical parameters 
Symbol Parameter Quantity 
Dro Rotor outer diameter 59.4 mm 
Lstk Stack length 48 mm 
Dso Stator outer diameter 102 mm 
Ns Number of turns per phase 144 
 
 
Fig. 3: PMaSynRel analytical sizing workflow. 
1. Design constrains
2. Initial assumptions 𝜉    𝑟  







5. General Torque equation (1)
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application defined as a low value high volume manufacturing. 
The airgap is for sure a parameter that has a strong impact on 
the motor magnetic performance. In [26] a high speed (50000 
rpm) 4 pole SynRel motor, for a different application, is 
reporting an airgap of 0.25mm, and conducting a sensitivity 
analysis where the airgap is varied from 0.1mm to 0.4mm, 
showing the torque decay for larger airgaps. Other works for 
higher speed motors are considering airgaps of 0.3mm [27]. 
Even though the work carried out in this paper is a research 
development, it is worth to highlight that this solution might not 
yet be mature for mass production, as a small airgap might 
result in a higher manufacturing cost. However, it is not 
uncommon to see motors with 0.4-0.5mm for household 
appliances and even smaller airgaps are feasible as reported in 
literature. 
For the sake of clarity, and to show how the airgap impact 
the machine’s torque production, a sensitivity analysis is 
offered for airgaps from 0.3mm to 0.45mm, by simply reducing 
the rotor dimensions, while considering the same stator. In Fig. 
4, the static torque for different airgap dimensions is shown for 
a peak phase current of 4.6A. It can be noted how the maximum 
torque production is reduced for higher airgaps, almost 24% 
when the airgap is increased from the selected 0.35mm 
(continuous line) to 0.45mm (dotted line). Also, the current 
angle corresponding to the maximum torque, highlighted by the 
red dot representing the MTPA, is varying with the airgap. For 
any specific airgap, the rotor parameters, such as flux barrier 
angles and flux barriers thickness will require optimization, as 
described in the following section C, for an airgap of 0.35mm. 
 
Fig. 4: Torque vs current phase angle for different air gap values at 4.6 Apeak 
phase current. 
C. Electrical machine optimization 
From the preliminary sizing described in section B, a design 
refinement stage is introduce in order to optimise three key 
objective functions: maximize the torque production with the 
fixed machine envelope, minimize losses and torque ripple. 
For this purpose, a Multi Objective Genetic Algorithm 
(MOGA-II) has been linked with an automatic drawing and 
solving procedure, implemented in Matlab, to run the finite 
element software FEMM 4.2. The optimisation was focused on 
the anisotropic structure of the rotor using the approach 
described in [18], as well as in the definition of the optimal 
stator geometry. 
The software used is ModeFrontier, which is a flexible tool 
that integrates several genetic algorithms and can simply 
connect different software packages [28]. 
The FE-based design optimization workflow is shown in Fig. 
5. The initial Design of Experiments (DOE) table used to start 
the search has been defined by a Sobol sequence. The number 
of individuals for each generation has been set to 60 and a 
maximum of 40 generations has been considered, leading to a 
total of 2400 functional evaluations. The variables of the 
optimization were the barrier angles, insulation ratio (eq. 5) and 
stator slot geometry as shown in Fig. 6. The parametrisation 
used to draw the rotor geometry is a combination of 
Joukowski’s flow equations [13] with a dedicated central slot 
in each flux barrier for the permanent magnet insertion. 
The input variables considered for the optimization of both 
stator and rotor structure are reported in Table IV, together with 
their variation boundaries. 
A major constraint on the optimization was to keep the main 
machine envelope fixed, as previously reported in Table III. 
For a reluctance machine the insulation ratio is defined based 
on the air portions in each barrier; in this PMaSynRel case this 
is considered as the PM portions with respect to the iron 
thickness, hence this parameter is defined as (5): 
   𝑟 =
2∑ℎ𝑐𝑘
𝐷𝑟𝑜 − 𝐷𝑠ℎ
 (5)  
Where Dsh is the shaft diameter and hck is the kth barrier 
thickness as shown in Fig. 6. 
 
Fig. 5: Optimisation process workflow. 
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ϑb1 Flux barrier angle 1 13
o 16o 
ϑb2 Flux barrier angle 2 25
o 28o 
ϑb3 Flux barrier angle 3 38o 40o 
kair Insulation ratio 0.35 0.45 
hs Slot height 10 mm 18 mm 
bss Slot opening 1 mm 3.5 mm 
bts Tooth width 3.5 mm 6 mm 
 
 
Fig. 7: Pareto front for average torque and torque ripple. 
The optimisation results are presented in Fig. 7. Among all 
the solutions, only 57% is considered feasible, which means 
they are respecting the torque and torque ripple design 
constraints and requirements. These 1368 results are 
highlighted within the target area confined by a torque ripple 
below 15% and the resultant Pareto front (dashed line), where 
its minimum is 7.25%. The average torque ranges from 1.23Nm 
to 1.28Nm, satisfying the requirements. To select the optimal 
design for this work, the sensitivity analysis criteria described 
in detail in [18] is implemented. 
Table V. Selected optimal solution. 
Symbol Parameter Quantity 
ϑb1 Flux barrier angle 1 14.3o 
ϑb2 Flux barrier angle 2 27.1o 
ϑb3 Flux barrier angle 3 38.7
o 
kair Insulation ratio 0.365 
hs Slot height 14.5 mm 
bss Slot opening 1.85 mm 
bts Tooth width 4.58 mm 
As the average torque constraint is satisfied, and the 
parameter variation of the feasible solution is moving within a 
limited geometrical space, the variables considered for the 
sensitivity analysis are the flux barrier angles (ϑb1, ϑb2 and ϑb3). 
The solution presenting the lowest torque ripple sensitivity and 
with minimum torque ripple is the one reported in Table V. This 
machine presents a ripple that it is slightly higher with respect 
to the absolute minimum, 7.9% against 7.25% (+0.65%), and it 
is considered acceptable and more robust to the parameter’s 
variation. The stator and rotor laminations of the electrical 
machine prototyped are shown in Fig. 8. 
 
Fig. 8: Photo of stator and rotor cross sections of the prototype, characterised 
by three flux barriers per pole with central rotor slots to insert the ferrite 
permanent magnets. 
 
In literature, many works have presented torque ripple 
reduction strategies. It has been shown that a reduction of the 
torque ripple can be achieved by uniformly distributing the flux 
barrier ends along the air gap [29]. An evolution of the above 
work, extending the rule to odd or even not integer rotor slot 
numbers per pole pairs, is introduced in [30] and [31]. However, 
as the torque ripple is very sensitive to the flux barrier ends, 
other works have shown that with a small variation of a flux 
barrier angle, by a fraction of an angle, the torque oscillation 
can significantly change [32]. This is mainly due to the effect 
that end barrier angles have on the torque ripple harmonics of 
different order [33]. The results from the optimisation presented 
in this paper, as reported in Table V, are showing that the flux 
barrier angles are not equally distributed along the rotor 
periphery, and represent the solution with the best torque ripple 
for this specific PMaSynRel motor design. 
D. Cost analysis 
A simple cost analysis is carried out with the purpose of 
qualitatively compare different motors with the same overall 
dimensions. The cost of a motor is function of many variable 
factors, such as manufacturing and assembling processes of the 
different components, price of the raw materials (which is very 
volatile), of the processing costs and a number of other fixed 
and variable costs [34]. Four motors are considered in the 
following comparison: SCIM with copper and aluminium bars, 
a SynRel rotor, a PMaSynRel with ferrite magnets. The SCIM 
is a 2-pole three-phase machine with 24 slots and 32 rotor slots. 
While both SynRel and PMaSynRel have a 24 slots 4 pole 
configuration. 
With the assumption that all four motors have the same stator 
geometry, distributed winding and that all the non-active 
components, such as shaft, bearings and end caps, are the same, 
only the estimation of the rotor cost is presented in this section. 
The analysis is considering the raw materials only, as the 
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processing cost of cutting and stacking laminations, insertion of 
PMs (in PMaSynRel) and die-casting (in SCIM) of the rotor 
bars cannot be accounted for. A non-oriented electrical steel 
grade is considered (M470-35A) in accordance with European 
Standard EN 10106 [35]. The reference values used for the 
mass density of the rotor materials are: 7650 kg/m3 for the rotor 
laminations, 8900 kg/m3 for the copper bars, 2950 kg/m3 for the 
aluminium bars and 4800 kg/m3 for the ferrite PMs. From the 
volume calculation of the different rotor components and the 
mass density, the weight can be determined. In Table VI, both 
weight and cost of the individual components are reported. For 
the SCIM, the short circuit rings on both sides are also 
considered, while the SynRel and PMaSynRel do not have any 
overhanging part. Despite the challenge of defining a specific 
cost for each raw material, the reference values used for this 
cost estimation exercise have been defined as: 1.67 $/kg for the 
ferromagnetic steel, 9.23 $/kg for the copper bars, 4.55$/kg for 
the aluminium bars and 3.28 $/kg for the ferrite PMs. 
These have been considered averaging three different 
specific costs provided by manufacturers. It is important to 
highlight that these specific costs will vary depending on the 
manufacturing and assembling processes for each individual 
rotor components, as well as depending on the market price. 
Table VI. Qualitatively cost comparison 
Weight [kg] 







Rotor lam. 0.701 0.701 0.679 0.679 
Cu bars 0.673 - - - 
Al bars - 0.278 - - 
Ferrite PMs - - - 0.058 
Total weight kg 1.374 0.979 0.679 0.737 
Cost [$] 







Rotor lam. 1.17 1.17 1.14 1.14 
Cu bars 6.22 - - - 
Al bars - 1.27 - - 
Ferrite PMs - - - 2.41 
Rotor cost $ 7.39 2.44 1.14 3.55 
The analysis is showing that the rotor with copper bars is the 
most expensive, while the SynRel rotor the cheapest, given that 
there are no “excitation circuits”. The PMaSynRel rotor is about 
3 times more expensive than the SynRel one, because of the 
additional cost of the ferrite PMs, and about 31% higher with 
respect to the rotor with aluminium bars. This comparison, 
however, is not conclusive, as it represents only the rotor cost 
considering the raw materials, without accounting for 
manufacturing processes and volumes. 
III. MACHINE ANALYSIS AND CHARACTERIZATION 
The best PMaSynRel geometry obtained from the 
optimisation process was analysed in terms of flux and 
inductance profiles, by means of FE simulations. Using these 
results, the magnetic model of the motor was built to evaluate 
the performance of the machine. The magnetic model in d-q 
reference frame was chosen following the SynRel conventions 
as shown in Fig. 2. The d-axis is aligned with the maximum 
permeance direction. Consequently, the PM flux linkage is 
aligned to the q-axis direction. The motor parameters were 
determined by post processing the results of the FE analysis. 
Fig. 9 reports the magnetic flux-current and inductance-current 
characteristics. The separation of the flux curves is due to the 
current component on the other axis, this effect is caused by the 
cross-saturation. The simplest way of taking into account the 
cross saturation, is to store the magnetic model of the machine 
into two bi-dimensional look-up tables representing λd=f(id, iq) 
and λq=f(id, iq). 
 
Fig. 9: Magnetic flux−current and inductance−current characteristics computed 
through FE simulations. 
The current space vector trajectory was evaluated according 
to the Maximum Torque Per Ampere (MTPA) locus and Flux 
Weakening (FW) up to the maximum speed (16000 rpm). This 
was created using the aforementioned look up tables to find d– 
and q– axis flux linkages and the magnetic model was used to 
find the torque, allowing to identify the optimised trajectory on 
the id-iq space. 
Based on the magnetic model, the torque speed maps are 
derived for various machine characteristics. The iron losses 
were calculated using the  Steinmetz method [36]. Traditionally 
iron losses are divided in two parts: hysteresis losses that varies 
linearly with the frequency and eddy current losses that varies 
with the square of the frequency (6). In (6) Ph stands for 
hysteresis loss component, Pe is the eddy current loss 
component, while Ch and Ce are the material specific hysteresis 
and eddy current losses coefficients and B is the flux density of 
the considered core region.  
𝑃 𝑟𝑜𝑛  =  𝑃ℎ  + 𝑃𝑒  = 𝐶ℎ𝜔 𝐵
2 + 𝐶𝑒𝜔
2 𝐵2 (6)  
The copper losses in general are proportional to product of 
resistance and square of the current. Whereas the resistance 
varies with respect to the frequency due to the skin effect (7) 
[37].  
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𝑅𝐴𝐶  = 𝐾𝐴𝐶𝑅𝐷𝐶 (7)  
Where RDC is the winding DC resistance, RAC is the total 
effective resistance incorporating the AC loss components. KAC 
is the AC copper loss coefficient, which depends on the 
frequency and the winding configuration, it can be calculated 
by means of FEA as reported in [37], [38].  
As shown in Fig. 10, the rated power is achieved at Iph~3Arms. 
Whereas the power factor and efficiency at rated conditions are 
PF~0.71 and η~85%. As can be observed the machine is 
capable to operate for a wider speed ranges, whereas the 
efficiency margin is above 85%. The iron losses were 
considered using the Steinmetz empirical equation based on the 
eddy current and hysteresis losses coefficients of the iron grade 
M470-35A. The bearings friction losses were calculated 
according to the manufacturer’s datasheet.   
 
IV. EXPERIMENTAL VALIDATION 
A. PMaSynRel Control Scheme: 
The operating region of the PMaSynRel motor is determined 
by the voltage ellipse and current circle, as shown in Fig. 11. In 
such d-q-axis current plane, the current constraint defines a 




The voltage constraint defines a family of ellipses, centered 
in the point (0, ?̅?f /Lq), whose major–to–minor axis ratio is equal 
to the saliency ratio, and the torque equation defines a family of 
hyperbolas. Below the base speed, the motor is controlled by 
MTPA (Maximum Torque–per–Ampere) curve OB strategy 
[39]. With speed increasing, the induced electro motive force 
(EMF) increases as well. When the EMF is reaching the 
maximum DC-link voltage utilization, in order to increase the 
speed, the operating regions need to be extended from constant-
torque to constant-power along curve BP. Therefore, the 
implementation of a field-weakening FW control strategy is 
needed. The novel aspect of this design is the implementation 
of a Newton-Raphson-Based Searching Method for improving 
the control accuracy for optimal current reference, which is 
described in detail in [28]. 
In order to validate the proposed PMaSynRel machine 
designed and optimised in Sec. II, with 24 slots 4 poles, has 
been prototyped and tested on two different test rigs. 
The first is used to validate the torque capability of the 
machine and estimate the efficiency over the operating current 
range. The second is used to characterise the machine’s torque 
over the id-iq plane and to measure the torque ripple. 
B. Torque and efficiency capability 
The rig consists of a Magtrol setup made of a dynamometer, 
hysteresis brake and a torque sensor, as shown in Fig. 12, with 
its main components.  The Magtrol controller has a minimum 
torque resolution of 0.001Nm. The motor is driven by a smart 
 
Fig. 12. Experimental test set-up. 
 
Fig. 10: Torque speed maps derived from FE simulations. 
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power module STK5Q4U362J and controlled by the 32-bit 
Toshiba TMPM374FWUG microcontroller. 
The latter is a 32-bit fixed-point microprocessor embedded with 
an ARM Cortex-M3 core and is utilised as a low cost solution 
for household appliances.  The rotor position is measured by 
means of an encoder with 4096 pulses per revolution. 
The experimental results have been captured at different 
phase current values from 0.5Apk to 6Apk at rated speed 5200 
rpm. In Fig. 13 the comparisons between the FEA results with 
the measurements data are shown: a) torque; b) efficiency. It 
can be observed that at lower current values, below 1A, there is 
some error probably due to a different saturation of the 
manufactured core and iron ribs. However, for currents above 
1Apk the experimental measurements are matching very well the 
predicted torque-current characteristic predicted via FEA.  
Similar behavior is shown for the efficiency, shown in Fig. 
13 b), with an overestimation of maximum 0.6% in the FE 
simulated results compared to experimental data, which can be 
considered a good match given the small size of the motor. 
In fact, in the current range of operation, the efficiency values 
are varying from 86.2% to 91.8%. These results prove that the 
usage of the PMaSynRel machine can significantly boost the 
efficiency with respect to the state-of-the-art solutions. For 
example, IMs with the same frame size configuration, reported 
in [9] and [11], designed for household appliances present 
lower rated efficiency, 52% and ~60%, respectively. In 
conclusion, from the results presented in this subsection, the 
proposed solution is able to deliver the torque required at the 
rated speed meeting the initial target values summarized in 
Table I. The motor torque characteristics over the id-iq-plane is 
shown in Fig. 14. 
 
The PMaSynRel is driven by a master motor in speed mode 
at 5000rpm, the torque is acquired via the torque transducer by 
applying different d-q-axis current setpoints to cover the d-q-
axis current plane [39]. 
The results shown in Fig. 14 indicate that the experimental 
results (solid lines) and FE simulations (dashed lines) are in 
good agreement, Flux Weakening (FW) trajectories are 
highlighted for both FE simulated and experimentally obtained 
data. Some difference occurs due to a slightly different 
saturation behaviour of the manufactured machine with respect 
to FE model. The measurements have been carried out for a 
wider range of currents pushing the drive to its maximum 
current limit for short periods of time in order to avoid the 
machine overheating. The MTPA line is highlighted in red, for 
specific sets of id-iq, searching for the current angles that are 
minimising the copper loss. 
C. Torque ripple validation 
The machine torque ripple has been characterised on a 
custom test rig presented in Fig. 15, described in detail in  [19]. 
The tests are carried out at low speed to capture the high 
frequency nature of the torque oscillations. The motor M1 
under test is connected through a torquemeter to a master motor 
(dyno). A non-reversible gear box is reducing the speed by a 
1:59 ratio, as shown in Fig. 15. The control algorithm is 
implemented on a dSpace 1104 platform. In Fig. 16 the torque 
waveform are reported as a function of the rotor position, for 
two different phase currents, Iph=4A and 4.6A, respectively. For 
both measurements the current angle selected is the one at the 
MTPA, corresponding to 47 and 49.5 electrical degrees, 
respectively. 
 
Fig. 14: Torque–current characteristics comparison: (top) finite element 
results; (bottom) experimental measurements. 
 
Fig. 13: Experimental and FEA comparison a) torque-current 
characteristics b) efficiency. 
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Fig. 16: Torque ripple comparison for two operating currents 4A and 4.6A: 
(top) finite element results; (bottom) experimental measurements. 
The experimental measurements show a good agreement 
with the FEA results and the torque peaks are well represented. 
The current waveforms are presented on Fig. 17. These were 
corresponding to produced torque values of a) 0.97 Nm and b) 
1.25Nm, respectively. Based on these results, the following 
considerations can be derived: 1) The torque values from FE 
analysis are slightly higher than the measured ones for both 
current values. 2) The torque ripple waveforms instead have an 
opposite behaviour, where the experimental results are 1.1%, 
and 1.5% higher with respect to the FE calculated ones, for 4 
and 4.6A, respectively. This is justified because of the 
additional harmonics added by the converter supply to 
electromagnetic ripple of the machine. 
 
Fig. 17: Current waveforms, a) Ipk=4A, b) Ipk=4.6A. 
 
Overall, the torque ripple simulated and measured are still 
within an acceptable design range. The summary of the results 
described is reported in 
Table VII. 
 
Table VII. Summary of the torque evaluation 
Ipk TFEA(Nm) TEXP(Nm) TΔFEA (%) TΔEXP (%) 
4.0A 0.968 0.963 9.1 10.2 
4.6A 1.253 1.249 8.2 9.7 
Ipk Error TAVG (%) Difference (%) 
4.0A 0.319 +1.1% 
4.6A 0.516 +1.5% 
 
V. CONCLUSIONS 
This paper presents the design of a PMaSynRel machine 
optimised of a specific electromechanical characteristic, 
suitable for household appliances. Starting from a preliminary 
analytical design, the machine is then optimised to increase the 
torque capability, maintaining the same current loading, 
minimising the losses per volume. The torque oscillations have 
also been minimised given the intrinsic high values that these 
types of motors present. The optimal solution has been selected 
and a prototype of 4 poles PMaSynRel motor manufactured and 
assembled. As the application is high volume low value, thus 
the overall drive cost is of paramount importance, a control 
algorithm has been implemented on a commercial 32-bit 
Toshiba TMPM375 microcontroller. The drive has been tested 
on two experimental platforms. The torque capability is 
satisfying the design requirements and can exceed the rated 
torque value by 30%, to allow for transient overload operations. 
An excellent efficiency is achieved compared to the 
conventional SCIMs with similar frame size, making the 
PMaSynRel drive a good candidate for white goods appliances. 
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